The aim of this work was to examine the influence of the addition of aerogel particles on the properties of cement composites manufactured using fly ash aggregate. The composites were tested at three different concentrations of water saturation of the coarse aggregate. Moreover, two methods of aerogel particle application were used -plasticising the mix with superplasticiser and aerating with an air-entraining admixture. An assessment of the thermal properties was made during the first 28 d of curing of the composites and compressive strength tests were conducted after 7 and 28 d. For pore structure characterisation, mercury pore structure analysis was carried out on the pure aerogel, the cement composites and the composites with the addition of granulate. The data obtained indicate that adding aerogel particles to concrete composites is an appropriate method of improving thermal parameters: thermal conductivity coefficients were two times smaller compared with control samples without aerogel and, simultaneously, the volumetric specific heat was comparable to that of the control samples. However, the addition of aerogel resulted in a reduction in compressive strength to approximately only 30% of that of the control samples.
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Notation

Introduction
There is now a strong emphasis on developing energy-saving construction techniques and this in turn has led to investigations into new material solutions with better and better thermal properties. One such option is to improve the qualities of cement-based composite materials via the application of various additives to concrete. Improvements in the thermal properties of these materials can be achieved, for example, by adding foamed polystyrene granules to concrete (Chen and Fang, 2011; Rucińska and Kiernożycki, 2010, 2014) . This produces a light composite material that exhibits very good insulating properties in comparison with standard or even lightweight concrete mixes. This material is currently being utilised by industry, among other things, to manufacture various types of heat-protecting screeds and fillings.
The development of thermo-insulating materials has also brought about investigations into other additives such as aerogels, which have insulating properties several times better than foamed polystyrene granules. The various options available for using aerogels in the building industry were presented by Baetens et al. (2011) . However, at present, due to the relatively high price of this material, research studies on aerogels as an additive to concrete are quite limited. Reported studies have included some tests on cement grouts (Khamidi et al., 2014; Kim et al., 2013) and mortars (Ng et al., 2015 (Ng et al., , 2016 , and the results support the addition of aerogels for improving thermal properties. Tests on cement mortars similar to those presented in this paper were performed by Gao et al. (2014) , who presented graphs of the thermal conductivity coefficient and mechanical properties (compressive strength and tensile strength) as a function of the percentage of sand substitution with hydrophobic aerogel particles. There are also reported studies on high-strength concretes with an aerogel admixture (Fickler et al., 2015) and on the fire-resistance capacities of concretes containing granules (Ratke, 2008) . However, these studies did not include the testing of cement composites produced using lightweight coarse aggregates. In the work reported in this paper, concretes produced with lightweight fly ash aggregate and aerogel as an additive were studied.
The analysed concretes and research methodology
The initial recipes for the concretes were formulated on the basis of previous experience, as discussed by Garbalińska and Strzałkowski (2013) , who analysed the behaviour of lightweight concretes based on different moisture contents of aggregates. For all the mixes, cement CEM I 42·5 R was used, the chemical composition of which is presented in Table 1 . The water/cement ratio was set at 0·55, while the sand/water ratio was equal to 1·2.
Natural silica sand was used as fine aggregate. It was prepared by drying at 70°C until the mass stabilised. The fraction of oversized grains (>2 mm) did not exceed 4%.
Lightweight fly ash aggregate (fraction 4-8 mm) was used as the coarse aggregate, the properties of which are shown in Table 2 . Due to the very high water absorbability of the aggregate, the decision was made to include samples with three different saturated water contents. It was expected that different levels of water saturation would have a measurable effect on the curing process and the properties of the produced concretes. The aggregates with different moisture contents were & natural-moisture aggregate (8%) & aggregate saturated with water for 24 h (21%) & natural-moisture aggregate with some additional water, added with a delay to the fresh concrete mix (8% + 10%).
The last sample type was thus a variation of the first recipe. After preparing the mix and waiting for about 5-10 min, water was added to the concrete until the desired concrete consistency was achieved. It is worth mentioning that most of the added water was absorbed by the lightweight aggregate.
The recipes of the tested concretes are given in Table 3 . The first two recipes (described as L\BL) were prepared without the addition of aerogel as blank\control samples. The workability of the control concretes was tested according to slump and flow table tests: both mixes were class S4 and F4. For all the other mixes, the addition of aerogel resulted in a reduction in workability to class S1 and F1. Despite the fact that the aerogel granules are described as being hydrophobic they absorbed a substantial amount of mix water, hence the decrease in workability.
Based on the work of Gao et al. (2014) , it was established that the samples would contain aerogel in the proportion of 20% of the total concrete volume. This level of additive should results in a significant improvement in the insulating parameters of the composite while the mechanical strength should be maintained at a level allowing the concrete to be successfully used as structural material.
For this work, silica aerogel in the form of particles of fraction 0·7-4·0 mm was used (Ebert, 2011; Thorne-Banda and Miller, 2011) . The granules feature hydrophobic properties and their specific density ranges between 120 and 150 kg/m 3 . The thermal conductivity coefficient of the particles is close to 0·018 W/m.K, which is approximately half of that of polystyrene granule. This is achieved by forming the structure in a supercritical drying process. Supercritical drying is performed to replace the liquid in a material with a gas to isolate the solid component from the material without destroying the material's nanostructured pore network of diameter of approximately 20 nm.
Previous studies have demonstrated various methods for combining aerogel with a cement matrix. In the work reported by Kim et al. (2013) , individual components were combined by mixing them in methanol whereas Gao et al. (2014) proved that the mixing of hydrophobic aerogel did not require any additional procedures. In the current study, the decision was Thermal and strength properties of lightweight concretes with the addition of aerogel particles Strzałkowski and Garbaliń ska
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The first method was to add aerogel directly to a final concrete mix, characterised with a good workability and flow consistency, produced by adding a superplasticiser (SP) based on polycarboxylic ether. The second method consisted of adding the granules to a mix pre-aerated with aerating admixture (AA) in the proportion of 1·1% of the cement mass.
For each type of composite, two types of samples were produced -plates of size 4 Â 14 Â 16 cm for thermal tests and bars of size 4 Â 4 Â 16 cm for determining compressive strength.
For the first 7 d, the samples produced for thermal testing were kept in a climatic chamber with the temperature fixed at 20°C and relative humidity above 95%. After this, the samples were kept in air-dry laboratory conditions. Thermal tests were carried out on the samples after 3, 7, 14 and 28 d of curing using an Isomet 2104 apparatus. This equipment uses the method of non-stationary heat flow to determine the thermal properties (thermal conductivity coefficient λ and volumetric specific heat c v ) of the material examined. Three measurement points were marked on each sample, where measurements were performed at certain time intervals. In order to obtain correct results the sample surface was checked to ensure proper adhesion to the surface probe used in the test. The measuring range of the surface probe was from 0·3 to 2·0 W/m.K. Based on readings from the marked points on the sample, average values of the thermal parameters were determined and the standard deviation of each measurement was also calculated.
The samples used for compressive strength tests were kept in the climatic chamber until the planned tests (i.e. after 7 and 28 d). Taking into consideration the maximum size of the aggregate (8 mm), the samples met the minimum requirement with regard to the necessary breadth of the forms using a relatively small amount of mix. For each recipe, three bars were prepared for each time point. The samples were first subjected to a flexural strength test, from which six samples were derived for further tests. Compressive strength was tested on samples of pressure area surface equal to 4 Â 4 cm. On this basis, mean strength values and standard deviations were calculated.
Measurement of air pore distribution was performed by mercury porosimetry. For both the pure aerogel particles and the tested composites, two samples were examined for each material to make sure that the results were representative.
In the case of pure aerogel particles, samples were prepared by dosing about 2 cm 3 of the material and precisely determining their weights. Concrete samples were prepared by cutting them from a cross-section of samples used earlier for determining thermal properties. The cut-off samples had dimensions of about 0·7 Â 0·7 Â 2·0 cm. Samples were chosen to include both the cement matrix and grains of the coarse fly ash aggregate. The samples were dried and their mass determined prior to the commencement of testing.
The surface tension of mercury was set at 0·48 N/m and the contact angle was set at 140°for the intrusion. Samples were first tested at low pressure (up to 0·34 MPa) and then the cells with samples filled with mercury were weighed. The cells were then placed in a pressure chamber and were subjected to high pressure (up to 413 MPa).
Structural analysis of the composites
Scanning electron microscopy (SEM) analysis of aerogel To permit a precise assessment of the compatibility of the applied aerogel with the cement composite structure, the pure silica aerogel was analysed with an electron microscope. Figure 1 shows the aerogel structure magnified 1000 times. Energy dispersive spectroscopy was conducted on the pure aerogel particles. The results indicated that the aerogel solely comprises silicon and oxygen (32% atoms of silicon and 68% atoms of oxygen). The data therefore suggest that the tested aerogel was a pure form of silicon dioxide (SiO 2 ) (almost exactly two atoms of oxygen for each atom of silicon).
SEM analysis of the composite materials Figure 2 shows images of a section of sample L\18\SP. For this sample, 20% of aerogel was the provided content in the whole composite volume. The aerogel particles blended uniformly with the cement compound to coat the lightweight aggregate. As demonstrated in Figure 2 , this was observed to be the most dominant feature of the cement matrix. Despite the brittleness of the additive, individual particles appear undamaged.
The electron microscope images shown in Figure 3 indicate that, during mixing, some of the particles were crushed to smaller pieces but were nevertheless completely enclosed by the cement matrix. Optical photos of cross-sections of the composites showed that most of the aerogel particles were between 0·5 and 1·5 mm in diameter. It was also noted that the boundary between the cement grout and the aerogel granules was distinguishable.
Mercury porosimetry tests
Before analysis of the structure of concrete composites containing aerogel, pure aerogel granules were tested. Figure 4 shows a log-differential graph of the pore distribution of the aerogel. For the hyperporous structure (Pirard et al., 1995) of the material under study, the traditional pore distribution identification method, based on the Washburn equation (Equation 1), is not relevant.
1: D ¼ 4γ cos θ P
According to Equation 1, the median diameter for the pores would be 4·06 μm, which is contradictory to the SEM results (there are no pores visible in Figure 1) . Therefore, the method presented by Alié et al. (2001) and Pirard et al. (2003) was applied; these works discussed the behaviour of low-density gels tending to compress under pressure due to the application of mercury. A relation between pore size and the pressure of admixed mercury was proposed in the form of 2:
in which k f is a coefficient that is dependent on the transition pressure (P t ). It represents the value of pressure at which a D4,0 x1·0k 100 µm Thermal and strength properties of lightweight concretes with the addition of aerogel particles Strzałkowski and Garbaliń ska Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution change in the mechanism of pressing mercury into the material takes place. Below the transition pressure, the material is compressed and mercury does not penetrate the pores of the sample while, above P t , mercury is forced into the material structure pores. In the case of the aerogel used in this study, P t exceeded the maximum applied pressure of the porosimetry apparatus (i.e. $413 MPa). In other words, the aerogel was subjected to compression and the mercury did not penetrate individual pores throughout the whole scope of the experiment. This means that the aerogel sample was only compressed. Hence, for further calculations, the maximum pressure value of the porosimeter was adopted. The value of k f was calculated using
The graph presented in Figure 4 was drawn using the above equations. The median diameter of the tested aerogel pores was found to be 20·67 nm, which complied with the manufacturer's data. The log-differential graph shows one dominating extreme, reaching its peak at a diameter of around 25 nm. The graph confirms the highly uniform porosity. The prevailing pore sizes were within a range not wider than from $10 nm to $30 nm.
As it is not feasible to assess directly the pore structure of a cement composite containing aerogel particles (due to the different properties of the materials and the different calculation models used for aerogels (Pirard et al., 1995) and for cement-based materials (Pesavento et al., 2012) ), the decision was made to test a sample of composite with added aerogel and another sample without aerogel. The cumulative distribution for both samples is shown in Figure 5 .
It was assumed that the difference in intruded mercury between the sample with aerogel (L\18\SP) and the sample without aerogel (L\BL\SP) corresponded to the volume of mercury interacting with the aerogel (the dashed curve labelled 'subtraction' in Figure 5 ). Below 0·30 μm, this curve is close to a horizontal line and its asymptote is 0·0915 cm 3 /g. The graph was transformed, according to hyperporous material theory, and equalled to the value of the horizontal asymptote ('modified subtraction' curve). For the curve obtained in this manner, a log-differential distribution was determined for the aerogel in the composite material ( Figure 6 ). Thermal and strength properties of lightweight concretes with the addition of aerogel particles Strzałkowski and Garbaliń ska Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution
The graph in Figure 6 was added to the log-differential graph for the control sample composite without aerogel. In doing so, it was possible to generate a graph that correctly depicts the distribution of pores in the sample of cement composite with the addition of aerogel (Figure 7 ). The composite with aerogel granules has two main extremes. The first one results from the structure of the cement composite based on lightweight aggregate, where the diameters of the pores are about 6·5 μm, while the other extreme (with diameters around 25 nm) is the exclusive effect of adding aerogel particles.
For the composite without aerogel, the mean value of total porosity was found to be 34·2%, while that of the composite with aerogel was 42·83%. Thus, a 20% volume share of aerogel in the composite material brings about an increase in total porosity by about 8·63% and, in particular, the appearance of an additional volume of pores in the nano-porosity range 10-30 nm.
Thermal and strength tests
Thermal tests As noted earlier, tests for thermal parameters were conducted with an Isomet 2104 apparatus using the non-stationary method. Figure 8 shows the thermal conductivity coefficients (λ) for the variants of the composite with superplasticiser. The correlation between water content during the first few days of composite curing and the value of λ can be clearly seen. Despite that, in the later period, the concrete with additional water (L/18/SP) demonstrated the lowest value of λ. Samples with aerogel tended to dry out much more quickly in comparison with the composite of a dense cement matrix without aerogel, for which λ changed only slightly during the first 28 d of concrete curing.
The addition of aerogel resulted in a significant reduction of thermal conductivity. After 28 d of curing, values of the thermal conductivity coefficient were approximately two times smaller for composites with aerogel compared with the control sample.
The composite materials aerated with an air-entraining admixture presented even lower values of the thermal conductivity coefficient (Figure 9 ). Similarly to the concretes with superplasticiser, the sample with additional water achieved the lowest λ values. However, the differences in thermal conductivity between samples with aerogel and the control sample were not as substantial as for the samples with superplasticiser. This is the result of the very high level of the air-entraining admixture, which aerates the cement matrix significantly. However, concretes with aerogel again dried significantly faster than the control.
Figures 10 and 11 show the changes in volumetric specific heat (c v ) of the samples during the 28 d of curing. For the first 7 d, the samples were kept in very high humidity conditions, which brought about an increase in specific heat of some of the composites.
The highest specific heat was measured in the composites with aggregate initially saturated with water for 24 h. The concretes Thermal and strength properties of lightweight concretes with the addition of aerogel particles Strzałkowski and Garbaliń ska
Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution with additional make-up water showed the highest reduction in their specific heat due to drying of the samples. The values of c v were found to be similar for samples with superplasticiser and samples with aerating admixture. No noticeable reduction in specific heat was observed for concretes with the addition of aerogel.
Compressive strength tests
Compressive strength tests were conducted after 7 and 28 d, and the results for the composites with superplasticiser are presented in Figure 12 . It is clear that the impact of aerogel addition is substantial. The mean compressive strength of samples with aerogel was approximately only 30% of that of the control samples. The highest strength values from the composites with aerogel particles were observed for the concretes with natural-moisture aggregate. Unfortunately, due to the aggregate absorbability, it was difficult to produce a larger amount of concrete mix with this recipe because the aggregate absorbs water from the cement grout: this could hinder the correct thickening and production of a larger number of samples.
As expected, the aerated concretes showed lower values of mean strength ( Figure 13 ). Similar issues regarding the aggregate absorbing water from the grout were observed upon forming the samples of concrete L\8\AA. Nevertheless, the effect of the water/cement ratio on strength is clearly seen, regardless of how the water is delivered. It can be stated that the best results were obtained for the concretes with some additional water: their workability and consistency were acceptable, and their strength was higher than that of the concretes with pre-moistened aggregate. The compressive strength values of the samples with aerogel were higher than the results for the control concrete samples. This means that the aerogel granules fill the pores of the aerated structure of the cement matrix. Thermal and strength properties of lightweight concretes with the addition of aerogel particles Strzałkowski and Garbaliń ska Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution Furthermore, the standard deviations are much smaller in comparison with the control aerating admixture sample, which means that the structure of composites with aerogel is more uniform in comparison with the control aerated samples.
Summary
The effects of the addition of aerogel particles on the thermal properties and compressive strength of composite materials based on lightweight fly ash aggregate were examined. Concretes with superplasticiser and aerating admixture were also tested. For both groups of composites, the tests were performed on three moisture variants of the lightweight aggregate.
The test results support the idea of adding aerogel particles to improve thermal properties. Relatively low values of the thermal conductivity coefficient (λ) were obtained, within the range 0·36-0·53 W/m.K (compared with control sample without aerogel, λ = 1·198 W/mK), and high values of the volumetric specific heat (c v ) were also obtained, 1·44-1·68 10 6 J/(m 3 .K), depending on the concrete mix type. This explains why concrete composites containing aerogel used as a load-bearing layer would improve the insulating properties of whole external partitions. High values of volumetric specific heat would also have a positive impact on the stabilisation of internal building temperature and these advantages should be exploited for improving the energy-saving potential of structures.
The influence of aerogel granules on compressive strength was also assessed. The composites produced had a mean compressive strength of 6-13 MPa after 28 d of curing. Therefore, this material can be compared to hollow ceramic bricks or autoclaved aerated concrete and could be used for selfsupporting elements of a building or even for small loadbearing structures such as walls in detached houses or other single-storey buildings.
This study also investigated the structure of pure aerogel particles and how they act on a cement matrix. SEM images demonstrated the results of stirring a fresh mixture: some of the granules were abraded and crushed into smaller granules due to the stirring action. The images taken also showed clear boundaries between the grout and individual aerogel granules.
The impact of aerogel on the distribution of air pores in concretes was also discussed. A method for taking aerogel into account in the pore structure of the whole composite material was presented. It was diagnosed that a 20% volumetric share of aerogel in the composite resulted in an increase in total porosity of 8·63% and, in particular, the appearance of additional pore volume within the nano-porosity range of 10-30 nm.
The results discussed in this paper justify the application of aerogel particles as an admixture to concretes. Each of the composites in the study had an identical volumetric share of 20% of aerogel and thus significantly different values of the thermal and strength parameters were obtained. This indicates the substantial influence of the aggregate moisture content and the simultaneous action of the plasticising or aerating admixtures. In the application of aerogel for the modification of concrete composites, the main issue is the aerogel price barrier. However, this is expected to fall with an increase in widespread production technology. Thermal and strength properties of lightweight concretes with the addition of aerogel particles Strzałkowski and Garbaliń ska Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution
